Chronic intermittent hypoxia (CIH) and one-kidney, one-clip (1K, 1C) experimental models lead to sympathetic overactivity and hypertension. We hypothesized that previous exposure to CIH potentiates the development of 1K, 1C renal hypertension. Male rats were divided into the following four groups: Control-1K, 1C, maintained under normoxia followed by 1K, 1C surgery (n = 19); Control-Sham, maintained under normoxia, followed by sham surgery (n = 19); CIH-1K, 1C, exposed to CIH (10 days) and 1K, 1C surgery (n = 19); and CIH-Sham, exposed to CIH and sham surgery (n = 18). Animals were catheterized 8 days after 1K, 1C or Sham surgeries and cardiovascular and respiratory parameters recorded on the following day. Baseline mean arterial pressure was higher in Control-1K, 1C than in Control-Sham rats (P < 0.05) and was higher in CIH-1K, 1C than in CIH-Sham rats (P < 0.05). However, the increase in mean arterial pressure in CIH-1K, 1C animals was significantly blunted in comparison to Con-1K, 1C rats (P < 0.05), indicating that previous exposure to CIH attenuates the development of renal hypertension.
INTRODUCTION
Peripheral chemoreceptor afferent fibres from carotid bodies course through the carotid sinus nerve to the dorsal portion of the brainstem, where they synapse with second-order neurons in the nucleus of the solitary tract. These second-or higher-order neurons in the nucleus of the solitary tract send projections directly to the rostral ventrolateral medulla, where sympathetic outflow to resistance blood vessels and heart originates (Accorsi-Mendonca, Castania, Bonagamba, Machado, & Leão, 2011; Hirooka, Polson, Potts, & Dampney, 1997) . Previous Iturriaga, 2010; Nanduri et al., 2012; Peng & Prabhakar, 2004; Rey et al., 2004) , leading to sympathetic overactivity and hypertension (Iturriaga, Andrade, & Del Rio, 2014; 
New Findings

• What is the central question of this study?
Chronic intermittent hypoxia (CIH) and one-kidney, oneclip experimental models lead to sympathetic overactivity and hypertension. The present study explored the impact of previous exposure to CIH on one-kidney, one-clip renal hypertension; we hypothesized that CIH potentiates its development.
• What is the main finding and its importance?
The development of one-kidney, one-clip renal hypertension was attenuated by previous exposure to CIH, and this protective effect was eliminated by carotid body denervation. These findings indicate that inputs from peripheral chemoreceptors in CIH-preconditioned rats play a role in preventing the increase in sympathetic activity and arterial pressure induced by one-kidney, one-clip renal hypertension. & Oparil, 1981; Machado, Salgado, & Krieger, 1983) . The reninangiotensin system and fluid retention contribute to the initial increase in arterial pressure. However, as in CIH, sympathetic overactivity is the major factor driving hypertension during the chronic phase of this experimental model (Eide et al., 1980; Volicer, Scheer, Hilse, & Visweswaram, 1968) . The partial occlusion of one renal artery produced by the implantation of a solid silver clip activates renal receptors, which in turn, via trans-synaptic pathways, excite several neuronal groups in the brainstem involved in the generation of sympathetic activity (Calaresu & Ciriello, 1981; Vizzard, Standish, & Ammons, 1992) .
In this study, we evaluated the effects of previous exposure to CIH upon the development of 1K, 1C renal hypertension. We hypothesized that CIH preconditioning worsens 1K, 1C hypertension, as both stimuli lead to sympathetic overactivity. Contrary to our hypothesis, our findings showed that previous exposure to CIH attenuated the development of renal hypertension. It is generally accepted that intact carotid bodies are necessary for the cardiovascular effects of CIH (Del Rio, Andrade, Lucero, Arias, & Iturriaga, 2016; Fletcher et al., 1992; Iturriaga et al., 2014; Nanduri, Peng, Yuan, Kumar, & Prabhakar, 2015) . Therefore, we also investigated whether the mechanism of CIH preconditioning affecting the development of 1K, 1C hypertension is dependent on the integrity of the carotid bodies.
METHODS
Ethical approval
All animal experiments comply with the Experimental Physiology principles and regulations, as described in the Editorial by Grundy 
Animals
At the beginning of the experimental protocol, male Wistar rats weighed between 45 and 50 g. The animals were obtained from the Animal Care Facility of the University of São Paulo at Ribeirão Preto, Brazil. Rats had free access to food and water throughout the duration of the experimental protocols.
Chronic intermittent hypoxia
Rats were housed collectively in cages disposed in Plexiglass chambers (volume of 210 l) equipped with O 2 , CO 2 , humidity and temperature sensors. Injection of O 2 and N 2 (White Martins, Sertãozinho, Brazil) was regulated by a solenoid valve operated by a computerized system (OxyCycler; Biospherix, Redfield, NY, USA). The CIH protocol consisted of 4 min of pure N 2 injection in order to reduce the F I,O 2 from 20.8 to 6%; the latter was maintained for 30-40 s. Then O 2 was rapidly injected to return F I,O 2 back to 20.8%, remaining at this level for the next 5 min. This 9 min cycle was repeated for 8 h each day (from 08.30 to 16.30 h) for 10 days consecutively. For the remaining 16 h, rats were maintained in room air. Simultaneously, for the control condition of CIH, rats were maintained in identical chambers, but F I,O 2 was kept constant at 20.8%. These animals were also exposed to a similar valve noise owing to frequent injection of O 2 . Gas injectors were positioned high on the chamber to avoid jets of gas impacting on animals.
One-kidney, one-clip renal hypertension
Rats were anaesthetized with ketamine (40 mg kg −1 , I.P.) and xylazine (5 mg kg −1 , I.P.; both from Sigma-Aldrich, Milwaukee, WI, USA). The depth of anaesthesia was assessed by absence of the withdrawal reflex after hindpaw pinch, and a supplementary dose of anaesthetic (half of the initial dose) was administered when required. After ensuring a deep anaesthetic plane, the left kidney was exposed through a mid-line laparotomy incision. The left renal artery was dissected and clipped with a solid U-shaped silver clip with a 0.25 mm slit, and the contralateral kidney was excised. Sham surgery for the 1K, 1C model was performed in a similar manner, including the removal of one kidney but not the clipping of the remaining renal artery. The muscle and skin layers were sutured separately, and the animals were treated with the analgesic and antipyretic flunixin meglumine arterial pressure values using vasoactive drugs. The peak heart rate response after I.V. injection of phenylephrine (0.5 g diluted in 0.05 ml of saline) or nitroprusside (3 g diluted in 0.05 ml of saline) was also used as an index of baroreflex sensitivity.
Removal of the carotid bodies
Rats were anaesthetized with ketamine (40 mg kg −1 , I.P.) and xylazine was administered when required. The rats were placed on a surgical table in the supine position. Muscles covering the trachea and the area of the carotid bifurcation were exposed through a mid-line neck incision. Sternocleidomastoideus was dissected and pulled away from carotid artery, along with the cervical sympathetic trunk, vagus and superior laryngeal nerves. The carotid bifurcation was located and the carotid body excised using surgical tweezers. This procedure was performed on both sides, resulting in bilateral carotid body removal (Amorim, Bonagamba, Souza, Moraes, & Machado, 2016) . At the end of the surgery, animals were treated with the analgesic and antipyretic flunixin meglumine (1 mg kg −1 ; Banamine) and 0.2 ml of the veterinary pentabiotic (1.2 million IU) via I.M. injection. Rats were continuously monitored for ≥48 h after surgical procedures, and additional doses of analgesic (flunixin meglumine, 1 mg kg −1 ) given if any sign of pain was observed.
The effectiveness of carotid body denervation was tested by the absence of chemoreflex response after I.V. injection of potassium cyanide (KCN; 40 g diluted in 0.05 ml of saline). Considering that removal of the carotid bodies might also damage baroreceptor fibres from the carotid sinus, the integrity of baroreflex function was confirmed by assessment of baroreflex sensitivity, taken as the peak heart rate response after I.V. injection of phenylephrine (0.5 g diluted in 0.05 ml of saline) in a subgroup of rats.
Baseline arterial pressure and heart rate
Rats were anaesthetized with ketamine (40 mg kg −1 , I.P.) and xylazine (5 mg kg −1 , I.P.) and a catheter was inserted into the abdominal aorta through the femoral artery (PE-10 connected to PE-50 tubing; Clay Adams, Parsippany, NJ, USA), for arterial pressure and heart rate measurements. Another catheter was inserted into the femoral vein for systemic drug administrations. The distal ends of the catheters were tunnelled subcutaneously, exteriorized through the back of the neck and sutured to the skin. At the end of the surgery, flunixin meglumine (1 mg kg −1 ) was administered via I.M. injection. One day after surgery, when rats had acclimated overnight to the recording room, the arterial catheter was connected to a pressure transducer (MLT0380; ADInstruments, Bella Vista, NSW, Australia) and, in turn, to an amplifier (Bridge Amp, ML221; ADInstruments). The signals of pulsatile arterial pressure were acquired by a data acquisition system (PowerLab 4/25, ML845; ADInstruments) and recorded on a computer hard drive using appropriate software (Chart Pro; ADInstruments).
Systolic arterial pressure, diastolic arterial pressure, mean arterial pressure (MAP) and heart rate were determined from signals of pulsatile arterial pressure. The cardiovascular variables were recorded in conscious, freely moving rats for 45-60 min, but only the last 30 min was considered for analysis.
Analysis of the sympathetic vasoconstrictor tone
The contribution of sympathetic outflow for maintenance of arterial pressure was evaluated indirectly, after the measurement of base- 
Experimental protocols 2.8.1 Protocol 1: Effects of CIH on the development of 1K, 1C hypertension
This protocol was designed to explore the effects of CIH preconditioning on the cardiovascular responses evoked by 1K, 1C surgery. For this, rats were divided into the following four groups.
(i) Control-Sham (n = 19), maintained in control conditions for 10 days, followed by 15 days in normoxia in the animal house. Then rats were submitted to sham surgery for 1K, 1C.
(ii) Control-1K, 1C (n = 19), maintained in control conditions for 10 days, followed by 15 days in normoxia in the animal house. Then rats were submitted to 1K, 1C surgery.
(iii) CIH-Sham (n = 18), exposed to CIH, followed by 15 days in normoxia in the animal house. Then rats were submitted to sham surgery for 1K, 1C. In protocol 1, rats were divided into the following four groups: (i) Control-Sham, exposed to normoxia [control for chronic intermittent hypoxia (CIH)] for 10 days, and 15 days later submitted to sham surgery; (ii) Control-1K, 1C, exposed to normoxia (control for CIH) for 10 days, and 15 days later submitted to one-kidney, one-clip (1K, 1C) surgery; (iii) CIH-Sham, exposed to CIH, and 15 days later submitted to sham surgery; and (iv) CIH-1K, 1C, exposed to CIH, and 15 days later submitted to 1K, 1C surgery. Cardiovascular and respiratory variables were recorded 8 days later. In protocol 2, rats were divided into the following four groups: (i) Control-1K, 1C (this is the same group of rats used in protocol 1); (ii) CBX/Con-1K, 1C, 3 days after carotid body denervation (CBX), rats were exposed to normoxia (control for CIH) for 10 days, and 15 days later they were submitted to 1K, 1C surgery; (iii) CIH-1K, 1C (this is the same group of rats used in protocol 1); and (iv) CBX/CIH-1K, 1C, 3 days after CBX, rats were exposed to CIH, and 15 days later submitted to 1K, 1C surgery. Cardiovascular and respiratory variables were recorded 8 days later. The inset on the right shows representative traces of mean arterial pressure (MAP) and heart rate (HR) responses to I.V. injection of potassium cyanide (KCN) and phenylephrine (Phe) in a control and a CBX/Con-1K, 1C rat representative of the groups (iv) CIH-1K, 1C (n = 19), exposed to CIH, followed by 15 days in normoxia in the animal house. Then rats were submitted to 1K, 1C
surgery.
Eight days after sham or 1K, 1C surgery, rats under general anaesthesia were cannulated for arterial pressure recordings and, on the day after, drug administration (Figure 1 ). At the end of the experiment, rats were killed with at least two successive doses of anaesthetic [ketamine (40 mg kg −1 , I.P.) and xylazine (5 mg kg −1 , I.P.)].
Protocol 2: Mechanism of CIH preconditioning, and the role of activation of the carotid bodies
The involvement of carotid bodies in the mechanism of CIH preconditioning was evaluated in this protocol. For this, rats were allocated into the following four groups.
(i) Control-1K, 1C (n = 19; this is the same group of rats used in protocol 1), maintained in control conditions for 10 days, followed by 15 days in normoxia in the animal house. Then they were submitted to 1K, 1C surgery.
(ii) CBX/Control-1K, 1C (n = 7). After 3 days of recovery from CBX surgery, rats were maintained in control conditions for 10 days, followed by 15 days in normoxia in the animal house. Then they were submitted to 1K, 1C surgery.
(iii) CIH-1K, 1C (n = 19; this is the same group of rats used in protocol 1), exposed to CIH, followed by 15 days in normoxia in the animal house. Then the rats were submitted to 1K, 1C surgery.
(iv) CBX/CIH-1K, 1C (n = 7). After 3 days of recovery from CBX surgery, rats were maintained in control conditions for 10 days, followed by 15 days in normoxia in the animal house. Then they were submitted to 1K, 1C surgery. 
Statistical analysis
A one-way ANOVA was performed to test the hypothesis that the dependent variables (MAP, systolic arterial pressure, diastolic arterial pressure and heart rate) were similar among groups. When necessary, multiple comparisons were performed using the least significance difference (LSD) post hoc test. A measure of reliability of our estimate was provided by the 95% confidence interval (95% CI). Data were expressed as means ± SD, and significant differences were considered at < 0.05. Respiratory frequency (breaths min −1 ) 113 ± 14 120 ± 23 109 ± 24 123 ± 15
RESULTS
Protocol 1: Effects of CIH
Tidal volume (ml kg −1 ) 10.9 ± 2.1 11.2 ± 2.5 10.6 ± 2.8 11.0 ± 1.5
Ventilation (ml kg −1 min −1 ) 1245 ± 344 1347 ± 368 1101 ± 202 1350 ± 228
Cycle duration (ms) 564 ± 104 532 ± 107 605 ± 215 506 ± 74
Data are expressed as means ± SD. Rats were divided into the following four groups: (i) Control-Sham, exposed to normoxia [control for chronic intermittent hypoxia (CIH)] for 10 days, and 15 days later submitted to sham surgery; (ii) Control-1K, 1C, exposed to normoxia (control for CIH) for 10 days, and 15 days later submitted to one-kidney, one-clip (1K, 1C) surgery; (iii) CIH-Sham, exposed to CIH, and 15 days later submitted to sham surgery; and (iv) CIH-1K, 1C, exposed to CIH, and 15 days later submitted to 1K, 1C surgery.
was also higher in Con-1K, 1C than in CIH-1K, 1C rats (95% CI:
13, 33 mmHg; P < 0.05), but CIH-Sham animals presented no changes when compared with Control-Sham (95% CI: −7, 13 mmHg; P > 0.05; Figure 2a ). These findings indicate that CIH preconditioning attenuates the development of 1K, 1C renal hypertension.
There was no statistical difference in heart rate after 1K, 1C surgery, even if preconditioning with CIH was applied.
Similar heart rate values were observed in Control-Sham (363 ± 31 beats min −1 ), Control-1K, 1C (388 ± 62 beats min −1 ), CIH-Sham (352 ± 22 beats min −1 ) and CIH-1K, 1C rats (364 ± 28 beats min −1 ; P > 0.05; Figure 2b ).
Respiratory parameters, recorded using whole-body plethysmography, were similar among rats from the four experimental protocols (Table 1) .
Baroreflex sensitivity
Baroreflex sensitivity assessed as the slope of the linear regression 
Sympathetic vasoconstrictor tone
Ganglionic blockade induced by administration of hexamethonium produced a sustained hypotension in all groups. The reduction in MAP was higher in Control-1K, 1C than in Control-Sham animals (−62 ± 11 versus −44 ± 7 mmHg; 95% CI: −26, −10 mmHg; P < 0.05), but did not differ statistically between CIH-1K, 1C and CIH-Sham rats (−52 ± 11 versus −44 ± 8 mmHg; 95% CI: −18, 1 mmHg; P > 0.05). We also observed that the magnitude of hypotension was higher in Control-1K, 1C compared with CIH-1K, 1C rats (95% CI: −17, −3 mmHg; P < 0.05), but no statistical difference was observed when Control-Sham and CIH-Sham rats were compared (95% CI: −10, 10 mmHg; P > 0.05; Figure 3c ). These data suggest that sympathetic overactivity of 1K, 1C
renal hypertension was blunted in rats previously exposed to CIH. The MAP response to I.V. injection of losartan ( Figure 3a ) and vasopressin-X ( Figure 3b ) was similar among groups (P > 0.05).
Protocol 2:
Mechanism of CIH preconditioning, and the role of activation of the carotid bodies
Baseline arterial pressure and heart rate
The MAP was increased in Control-1K, 1C (140 ± 27 mmHg) compared with CIH-1K, 1C rats (117 ± 13 mmHg; 95% CI: 6, 41 mmHg; P < 0.05).
However, similar MAP values were observed in CBX/Control-1K, 1C
(135 ± 16 mmHg) and CBX/CIH-1K, 1C rats (128 ± 15 mmHg; 95% CI: −21, 36 mmHg; P > 0.05; Figure 4a ), suggesting that the cardiovascular effect of CIH preconditioning on the development of 1K, 1C
hypertension is attributed to the integrity of carotid bodies. There was no difference in heart rate after 1K, 1C surgery, even if preconditioning to CIH or removal of carotid bodies was applied. Similar heart rate values were observed for Control-1K, 1C
(388 ± 62 beats min −1 ), CBX/Control-1K, 1C (357 ± 39 beats min −1 ), CIH-1K, 1C (364 ± 28 beats min −1 ) and CBX/CIH-1K, 1C rats (388 ± 52 beats min −1 ; P > 0.05; Figure 4b ).
Baroreflex sensitivity
Baroreflex sensitivity assessed as the peak heart rate response to I.V. phenylephrine injection was similar between Control (−37 ± 18 beats min −1 ) and CBX/Control-1K, 1C rats (−34 ± 2 beats min −1 ; P > 0.05).
Sympathetic vasoconstrictor tone
The reduction in MAP in response to administration of hexamethonium was higher in Control-1K, 1C (−62 ± 11 mmHg) than in CIH-1K, 1C rats (−52 ± 11 mmHg; 95% CI: −19, −1; P < 0.05). However, the reduction in 
DISCUSSION
In this study, we evaluated the effects of previous exposure to CIH (preconditioning) upon the development of 1K, 1C renal hypertension.
Our findings showed that previous exposure to CIH blunted the development of 1K, 1C hypertension, probably owing to a reduction in sympathetic outflow. The data also showed that the attenuation of hypertension produced by CIH is dependent on the integrity of peripheral chemoreceptors, because selective removal of carotid bodies does not affect the development of 1K, 1C-induced hypertension.
It has been shown that different levels of hypertension can be obtained by different levels of renal artery occlusion using progressively larger solid silver clips in the 1K, 1C model (Leenen & de Jong, 1971) . Furthermore, the internal renal artery diameter is positively correlated with body weight (Hamburg et al., 2010; Krejza et al., 2006) , suggesting that difference in body weight among groups is an important confounding factor, which can influence the development of 1K, 1C hypertension. In the present study, all groups presented similar body weight at the time of 1K, 1C surgery, and there was no association between body weight of 1K, 1C rats and the development of 1K, 1C-induced hypertension, indicating that body weight variability among rats did not affect the interpretation of our results.
Oscillations in F I,O 2 observed during hypoxia-reoxygenation cycles might contribute to an upregulation of reactive oxygen species (Peng et al., 2006; Peng, Overholt, Kline, Kumar, & Prabhakar, 2003b ), which in turn imbalances the expression of hypoxia-inducible factors (Nanduri et al., 2015) . It is important to note that hypoxia-inducible factors are considered an important molecular mechanism underlying the cardiovascular effects of CIH. In this sense, antioxidant treatment prevents CIH-induced sympathetic overactivity and the consequential hypertension (Nanduri et al., 2012; Peng, Yuan, Overholt, Kumar, & Prabhakar, 2003a) . Augmented oxidative stress associated with CIH has also been implicated in neuronal cell loss within several brain regions (Goldbart et al., 2003; Yan et al., 2008 Yan et al., , 2009 . As reported, these deleterious effects of CIH often lead to undermined cardiovascular control (Yan et al., 2008 (Yan et al., , 2009 . At the moment, we do not have any experimental data to support the involvement of reactive oxygen species in CIH preconditioning. However, this is an attractive possibility that deserves further investigation.
Our data show that previous exposure to CIH blunted the severity of 1K, 1C hypertension. Although sympathetic vasoconstrictor tone is increased after 1K, 1C surgery, lower levels were observed in CIH-preconditioned rats. These findings suggest an impaired responsiveness of sympathetic premotor neurons to the 1K, 1C hypertension model after CIH preconditioning. However, electrophysiological studies from our laboratory showed that the intrinsic properties of presympathetic neurons in the rostral ventrolateral medulla are not affected by CIH (Almado, Leão, & Machado, 2014; Moraes et al., 2013) . In contrast, CIH changes the medullary respiratory network, which leads to abnormal presympathetic neuronal activity (Moraes et al., 2012) .
Possible mechanisms to explain the blunted response of CIHpreconditioned rats to 1K, 1C-dependent hypertension model must be considered. A recent study by Guan et al. (2016) (Guan et al., 2016) . Although the experimental protocols are different from those of the present study, it is possible that BK Ca channels might also play a role in preventing the development of 1 K, 1 C renal hypertension in CIH-treated rats.
In the present study, removal of the carotid bodies did not affect the development of 1K, 1C renal hypertension but eliminated the effects of CIH preconditioning on the development of 1K, 1C hypertension. These results indicate that the protective effects of CIH preconditioning were not a consequence of central hypoxia upon neuronal groups involved in cardiovascular control (Roux et al., 2000) . In contrast, our data suggest that the normal activity pattern of intact Potential cellular and molecular carotid body-dependent mechanisms giving rise to CIH preconditioning deserve investigation. It is important to mention that the cardiac baroreflex response during phenylephrine administration was preserved in carotid body-denervated rats in the present study, thus the protective effects of CIH are essentially driven by carotid body activation. A study by Pijacka et al. (2016) reported that carotid sinus denervation decreases MAP in the 2K, 1C experimental model. The mechanisms underlying amelioration of 2K, 1C renal hypertension include an improvement in baroreflex sensitivity and reduction of inflammation levels in the brainstem.
Although it was concluded that carotid sinus denervation-dependent amelioration of 2K, 1C renal hypertension was associated with an improvement in baroreflex gain (Pijacka et al., 2016) , in the present study, using the 1K, 1C renal hypertension model, we observed no differences among groups in the bradycardic and tachycardic responses to an I.V. injection of phenylephrine and nitroprusside, respectively. Additionally, spontaneous baroreflex gain was also similar among groups during baseline recordings. These findings suggest that the protective effect of CIH preconditioning on the development of 1K, 1C renal hypertension was not attributable to changes in the baroreflex gain. The differential role of the carotid bodies and the impact of CIH preconditioning on the development of hypertension in 1K, 1C and 2K, 1C experimental models of renal hypertension are matters for further investigation.
Evaluation of respiratory parameters during the experimental protocols was an important control in the present study. Respiratory frequency, tidal volume, minute volume and respiratory cycle duration were not different among groups. These findings suggest that the beneficial effects of CIH preconditioning in CIH-1K, 1C rats was not associated with changes in the arterial partial pressure of CO 2 and pH.
In conclusion, our results show that preconditioning with CIH attenuated the development of 1K, 1C hypertension. Evaluation of the sympathetic vasoconstrictor tone revealed that this effect was dependent on attenuation of 1K, 1C-induced sympathetic overactivity.
Furthermore, we showed that the mechanism of CIH preconditioning involves activation of peripheral chemoreceptors, because selective removal of the carotid bodies also eliminated the preconditioning effects elicited by CIH.
